named teratoma may develop if ESCs and iPSCs remained undifferentiated after implantation in vivo [2, [8] [9] [10] . Thus, ESCs and iPSCs must be directed to differentiate into specific lineages on-demand following implantation or subcutaneous injection to evade teratoma formation [4, 9, 10] . Additionally, it would be difficult to direct differentiate ESCs and iPSCs into specific lineage of cell types due to their pluripotent potential of differentiation [8] . Taken together, these issues propelled researchers to use adult stem cells due to minimal tumorigenicity and free of ethical concerns which are more committed than ESCs [4, 7, 11] .
Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) exist in almost all kind of tissues and they are adult stem cells with multilineage potentials [7, 11] . MSCs are multipotent and non-hematopoietic adult stem cells originating from the mesoderm [11] . To date, there is no report on the tumorigenicity of MSCs and they are found to be effective in both immune and non-immune diseases [11] . They remained the most studied adult stem cells owing to their widely available autologous stem cell sources and their ability to differentiate into different types of cells [7, 11] . They can be obtained from wide range of adult tissues (Fig. 4) including bone marrow, adipose tissue, heart, lungs, umbilical cord, kidney and liver. Traditionally, bone marrow is the principal source for MSCs and also hematopoietic stem cells (HSCs). In 1974, MSCs have been successfully and firstly isolated from the bone marrow and characterised by Friedenstein and colleagues. Since then, bone marrow has become a well-accepted source of MSCs [13] [14] [15] . These cells were described as multipotential stromal precursor cells which has spindle shape and form colony forming fibroblasts in vitro [7] . They were able to differentiate into adipocytes, chondrocytes and osteocytes, myoblasts, cardiomyocytes and neurons in vitro and in vivo [7] . Throughout these discoveries, they have formed the basis for most of the recent studies of bone marrow and adipose tissue-derived stromal cells.
Recently human umbilical cord, human amnion, and adipose tissue have been discovered to contain rich source of MSCs that are bio-equivalent to bone marrow-derived MSCs [16] [17] [18] [19] [20] [21] . Adipose derived-MSCs are readily available population of progenitor cells harvested from the adipose tissue. The isolation of these cells was first described by Rodbell in 1964, whose work was performed in rodent models. This was followed by a study reported by Van and Roncari in 1977 that these progenitor cells were able to proliferate and showed similar characteristics to adipocytes [17] . MSCs derived from umbilical cord blood are self-renewing multipotent progenitor cells that are capable of differentiating into mesoderm germ layer, and can also induce ectodermal and endodermal lineages by crossing the germline barrier [19] . Umbilical cord-derived MSCs were not also reported to undergo multilineage differentiation including bone, cartilage and adipose [16, [18] [19] [20] , but also capable of inducing cardiogenic differentiation [20] . These suggest that umbilical cord is a good source for MSCs. Besides that, other tissue sources include skeletal muscle [21] , lung [22] , dental pulp [23] , synovial membrane [24] , peripheral blood [25] and liver [26] . The lack of a single unique cellular marker to identify MSCs has become an obstacle in stem cell research. 2 The two models of stem cells divisions: asymmetrical and symmetrical cell divisions. Asymmetrical divisions involved in producing one stem cell and one differentiated cell while symmetrical divisions produce either two undifferentiated cells or two differentiated cells. Diff: Differentiated cell [5] Hence, the International Society for Cellular Therapy has presented three criteria to define the multipotent human MSCs: (a) adherence to tissue culture plastic, (b) positive selection for CD105, CD73 and CD90 while negative selection for CD45, CD34, CD11a, CD19 and HLA-DR and, (c) these cells have osteogenic, chondrogenic and adipogenic differentiation potential when cultured in vitro [27, 28] . Due to low proliferation rate and limited lifespan, MSCs alone are not able to meet increasing demand for tissue replacement. Recently, the interaction between MSCs and Induced pluripotent stem cells (iPSCs), generated from somatic differentiated cells by reprogramming with defined factors Oct3/4, Sox2, c-Myc, and Klf4. They can differentiate into all three germ layers: mesoderm, endoderm and ectoderm [Adapted from 7, 12] biomaterials are found to have a promising synergy for tissue regeneration.
Biomaterials in Regulating Stem Cells
Based on the tissue engineering concept to attain successful regeneration of damaged or lost tissues, several aspects need to consider including progenitor cells that can be proliferated and differentiated into particular cell types, biomaterial scaffold that delivers temporary physical support and biological cues for cell growth and differentiation in three dimensional (3D) culture, and also growth factors that enhance cell survival and function [29] . For decades, biomaterials have been the building blocks for huge masses of clinical approaches. Until today, researchers are still searching for the most optimal biomaterial for retaining stem cells due to its ability to exert and guide stem cells to their desired fate decisions [30] . Major stem cell studies nowadays correlated with biomaterials are MSCs due to non-ethical concerns and easily accessible from a variety of sources. Lately, nanomaterials were utilised in tissue engineering and highlighted to be promising candidates in constructing scaffolds to better mimicking the nanostructure in natural extracellular matrix (ECM) and effectively replacing damaged tissues [12] .
Biomaterials are classified as either natural or synthetic, material scaffolds used in combination of stem cells for tissue engineering applications. Numerous studies have studied the interactions between stem cells and the biomaterials as the scaffolds which can deploy certain biological and physical influences to the cells [12, 31] . This review highlights these properties since they have huge impact on the stem cell response and also focuses exclusively on the natural and synthetic biomaterials in tissue engineering applications.
Types of Biomaterials in Tissue Engineering
In 1987, European Society of Biomaterials has defined biomaterial as "a non-viable material used in a medical device, intended to interact with biological systems" [32] . Biomaterials have existed for over half a century and are primarily used for medical applications, while the new generation of biomaterials are aimed to use as scaffold to mimic the natural ECM and to provide a 3D environment to maintain adhesion, migration, expansion and differentiation of stem cells both in culture and inside body [8, 12] . Biomaterials are categorised as either natural or synthetic, where the later part will summarize the use of these materials in combination with stem cells.
Natural Materials
Natural biomaterials contain similar construction to the native tissue where they can serve as reparative materials for tissue regeneration [33] . Protein-based biomaterials such as collagen-, fibrin-, elastin-, silk-based material scaffolds are known to be appropriate for tissue engineering applications including stem cell differentiation, transplantation and wound repair because proteins are vital in providing structure to tissues [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . In addition, polysaccharide materials such as hyaluronan, agarose, chitosan, and alginate have been discovered as potential scaffold materials as they are able to maintain the structure of ECM [33, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Table 1 shows the potential effects of natural biomaterials on the biological functions of stem cells, which are reviewed below while some of the natural composite scaffolds are summarized in Table 3 .
Protein-Based Biomaterials
Collagen and its derivatives are classic natural materials utilized in tissue engineering because this protein is found abundantly in ECM. They can be isolated from various tissues such as skin, tendons and ligaments. Collagen consists of cell-adhesion domain sequences Arg-GlyAsp (RGD) that may maintain the phenotype and cellular activities of chondrocytes and osteocytes [2, 34] . Collagen-based biomaterials were shown to stimulate cartilage regeneration in rabbits, however, type II collagen was found to be more advantageous when compared to type I collagen [35] . They discovered that type I collagen could recruit progenitor cells from the subchondral origin to the defects where the cells migration in type II collagen-based matrices were less but more directed to maintain the chondrocyte phenotype. Similar finding was also demonstrated by Bosnakovski et al. (2006) who studied the influence of collagen type II hydrogels on chondrogenesis of bovine MSCs [36] . Collagen type II was capable of inducing and maintaining chondrogenesis in medium free of TGF-β1 supplement [36] . Furthermore, a recent study showed that human ESCs cultured on type I collagen substrate has differentiated rapidly and consistently towards definitive endoderm lineage compared to other ECM proteins [37] . Elastin is also an ECM protein, predominantly found in soft elastic tissues such as blood vessels and skin. The interaction between cells and tropoelastin, a precursor protein of elastin, is modulated through protein receptors such as elastin-binding protein, glycosaminoglycans (GAGs) and integrins [38, 39] . Elastin-like polypeptides hydrogels have been found to stimulate chondrocytic differentiation of human adipose-derived stem cells in vitro without the additional of chondrogenic supplements [40] . This work has brought a new significance to cartilage tissue engineering as chondrogenic supplements including TGF-β1 and dexamethasone are problematic to deliver in vivo over an extensive duration of time at controlled levels [41] . One main problem in using elastin-based biomaterials is calcification, which often exist in disease processes such as bioprosthesis heart valves and atherosclerosis [38, 41] . However, it can be inhibited by aluminum chloride pretreatment [41] . Another study used recombinant protein to generate elastin-like Murine Cell expansion and differentiation [57] protein biomaterials to study the effects of matrix crosslinking densities on encapsulated human ESCs-derived cardiomyocytes [42] . The elastin-like biomaterials was found to support cell viability of the human embryoid bodies. Interestingly, the increased crosslinking density transiently suspended the spontaneous cellular contractility after 3D encapsulation within the hydrogel. The encapsulated ESCs were able to respond to electrical stimulation which showed cardiomyocyte maturation and function. This shows that the specific matrix parameters in 3D culture could direct stem cell responses [42] . Fibrinogen and fibrin-based scaffolds are also potential biomaterials used in biomedical applications for tissue restoration. Fibrin gels have been discovered to maintain cell attachment, migration, in wound healing and ischaemic diseases [43] . Fibrinogen and fibrin-based scaffolds support the cell growth, viability and differentiation. It has been useful for neural tissue engineering, especially for the treatment of spinal cord injury [44] . The advancement of using MSCsseeded fibrin micro-threads used for cell delivery was later developed by Proulx et al. (2010) which able to support human MSCs attachment, proliferation and also to maintain their differentiation potential [43] .
Silk fibroin are proteins isolated from silkworm cocoons where the aqueous silk solution is purified. They are the most durable natural protein fibers and have strong hydrogen bonding that are utilized as a three dimensional (3D) scaffold or coating biomaterials in tissue engineering. They can be processed into silk fibers, porous sponges, and hydrogels for biomaterial application [45] . Mandal and Kundu (2009) showed very interesting study where rapidly frozen silk solution at − 196 °C was able to fabricate highly interconnected porous scaffolds to produce functional 3D silk fibroin matrixes aiding for cells ingrowth, vascularization and diffusion of nutrients for a higher cell viability [46] . This reinforced the properties of silk-fibroin based materials in terms of biocompatibility for tissue engineering applications [45, 46] . Silk fibroin scaffolds loaded with insulin growth factor I (IGF-I) and populated with human MSCs were cultured in transforming growth factor-β1 (TGF-β1) supplemented media was discovered to promote chondrogenic differentiation [47] . Another study utilized the mechanical properties of silk fibroin and the biological properties of hyaluronan for human MSCs culture suggested a promising MSCs biomimetic platform [48] . These silk fibroin/hyaluronan scaffolds significantly increased the GAGs deposition, type I and III collagen gene expressions [48] .
Polysaccharide-Based Biomaterials
Hyaluronan, also known as hyaluronic acid has been used as natural polysaccharide-based biomaterials for stem cells cultures in the field of tissue engineering and regeneration. It is one of the major constituents of ECM and widely distributed throughout connective, epithelial and neural tissue [49] . Hyaluronan scaffolds are biodegradable and can be used in the form of hydrogel where they can act as carriers for cells and growth factors. Hyaff-11, a hyaluronan-based material was shown to maintain endothelial cell attachment and cell proliferation within the scaffold because they consist of cell adhesion sites [50] . Another study demonstrated that hyaluronan-based hydrogel with MSCs showed the highest expression of osteocalcin and also regenerated bone tissues in the presence of bone morphogenic protein-2 (BMP-2) when compared to both the controls and hydrogels without BMP-2 in vivo [51] .
Agarose is extracted from red algae and seaweed. It is commonly used in the form of agar in cell culture. Agarose has been used as biomaterial with the combination of stem cells and has shown a promising application in cartilage regeneration [52] . Bovine MSCs have been demonstrated to be biocompatible with agarose scaffold in a 10-week culture period as the MSCs-laden constructs contained cartilaginous matrix [52] . Human bone marrow-derived MSCs were also differentiated into chondrogenic cells in agarose supplemented with TGF-β3, expressing chondrogenic markers such as collagen type II and aggrecan [53] . Induction of chondrogenic differentiation was also demonstrated in human adipose-derived MSCs cultured in agarose scaffold [54] .
Alginate is obtained from the cell wall of brown algae [4] . This polysaccharide-based material has been assessed for differentiation of ESCs [55] [56] [57] . Mouse ESCs that were encapsulated within the alginate beads could still preserve the cell viability and were successfully differentiated into pancreatic insulin-producing cells [56] . Different alginate bead composition was shown to have different impact on encapsulated ESCs expansion and phenotype, suggesting that the material composition and hydrogel properties can manipulate stem cell fate decision [57] .
Chitosan, a polysaccharide-based biomaterial that derived from chitin. They mimic functional behaviour of glycosaminoglycans (GAGs) thereby having similar structural characteristics to GAGs [4, 58] . MSCs derived from rat bone marrow have been incorporated into the highstrength calcium-phosphate cement (CPC)-chitosan scaffold, where the composite scaffold supported cell adhesion, proliferation, and osteogenic differentiation that expressed elevated levels of bone marker, alkaline phosphatase activity (ALP) [59] . Another study showed that chitosan-glycerophosphate hydrogels seeded with human MSCs was able to differentiate into nucleus pulposus-like cells, suggesting its potential in the treatment for cartilaginous tissues regeneration [60] .
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Synthetic Materials
Synthetic materials function by mimicking the regulatory characteristics and complexity of natural biomaterials [61] . The advantages of using synthetic materials over materials derived from natural sources including high reproducibility, controllable degradation, mechanical properties and ease of controllable composition of the materials [33, 61] . Nevertheless, synthetic materials often lack of cell adhesion sites and cell-recognition signals and therefore need to be restructured to generate chemical cues to allow cell culture and adhesion [33] . Due to fabrication of synthetic ECM to engineer tissues, biocompatibility of the material is often questionable during transplantation in vivo. Applications of synthetic biomaterials (Table 2) in stem cell culture or composite scaffolds (Table 3) are reviewed in the following section.
Polymers
Synthetic polymers such as polyglycolic acid (PGA), poly-L-lactic acid (PLLA), copolymer polylactic-co-glycolic acid (PLGA), poly (ɛ-caprolactone) (PCL) and poly-ethylene glycol (PEG) are widely used as synthetic 3D-scaffold materials for assessing the nature of stem cells including self-renewal and differentiation [4] . These scaffold materials have been specifically approved by the US Food and Drug Administration (FDA) for clinical applications [33] . 
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The presence of ester bonds has made these materials hydrolytically degradable and the by-products of PGA, PLA and PLGA are eliminated via metabolic pathways [85] . These biodegradable polymers have been extensively studied in tissue and regenerative engineering. For instance, PLGA has been used in the restoration of articular cartilage damage as it promotes stem cells growth and differentiation [62, 63, 65] . PLA or PLGA polymer scaffolds cultured with human ESCs promoted proliferation and differentiation but this was also directed by different growth factors such as TGF-β1 and insulin-like growth factor [65] . PGA and PLA polymers differentiate Wharton's jelly-derived human MSCs along chondrogenic lineage by up-regulating the chondrogenic genes such as collagen type II and aggrecan gene expression [66] . Human MSCs encapsulated in PEG hydrogels were also found to induce osteogenesis. The expression of osteonectin, osteoponin and alkaline phosphatase was observed after 7 days cultured in osteogenic differentiation media [67] . PCL-based scaffolds have also been studied for cell proliferation and further enhanced chondrogenesis and osteogenesis [86, 87] . All studies strongly suggested that polymers are potential scaffolds to control the fate of MSCs and enhance differentiation.
Ceramics
Ceramics are inorganic non-metallic solid made up of metal or non-metal compounds which formed through high temperature [33] . Examples of ceramic-based biomaterials include bioactive glasses, calcium phosphates and hydroxyapatite. These biomaterials are widely used to study in vitro and in vivo osteogenic potential of stem cells since these materials can integrate with bone better than soft biomaterials, thus enhancing mineralization and matrix formation [4] . Both hydroxyapatite (HA) and β-tricalcium phosphate (TCP) ceramics have supported the proliferation and osteogenic differentiation of bone marrow-derived MSCs, which resulted in new osteoblasts formation and expression of alkaline phosphatase activity [68] . These ceramics were also found to be able to retain their osteogenic capability in vivo after transplantation [68] . Besides that, rat bone marrow-derived MSCs seeded on hydroxyapatite ceramics supplemented with recombinant protein growth/differentiation factor-5 (GDF-5) or bone morphogenetic protein-2 (BMP-2) showed higher alkaline phosphatase activity and osteocalcin contents than MSCs/hydroxyapatite alone at 2 and 4 weeks after implantation, suggesting that GDF-5 and BMP-2 were used to stimulate cell growth and enhance differentiation [69] . Recently, nanomaterials have been shown to improve MSCs proliferation and promote osteogenic differentiation [64] . For example, nano-hydroxyapatite and nano-hydroxyapatitepolylactide-co-glycolide (PLGA) composites, with the addition of BMP-7 derived short peptide (DIF-7c) have directed adhesion and induction of osteogenic differentiation in human MSCs [64] . Higher human MSCs attachment was found on nanoparticle scaffolds when compared to PLGA scaffold alone. This could be due to acidic degradation products such as lactic acid and glycolic acid that might increase the local pH, thus producing adverse effects on MSCs proliferation [64] . The presence of nanohydroxyapatite in the composite scaffold slowed down the degradation of PLGA, which in turn elevated the human MSCs adhesion in the composite scaffold [64] .
Metals
Stainless steel (chromium), titanium and tantalum are commonly used metal-based biomaterials for orthopaedic implants [70, 88] . Nevertheless, the reduced corrosion resistance and biocompatibility of stainless steel materials have been restricted in clinical applications. Titanium and tantalum are attractive metal-based biomaterials due to their biocompatibility with bone tissue [4, 70] . The morphology, proliferation and osteogenic differentiation of human MSCs cultured on titanium, tantalum and chromium surfaces were studied by Stiehler and colleagues [70] . They found that MSCs cultured on all these materials proliferated and expressed bone-related genes whereby those co-cultured with titanium surface showed higher proliferation than tantalum and chromium surfaces. Tantalum surface exhibited excellent biocompatibility in cellular spreading and cell-specific alkaline phosphatase activity which suggest an alternative metal material for titanium metal for bone implant [70] . However, another study showed a contradict statement that chromium surface resulted in poor biocompatibility, proliferation and spreading, however did not show any inhibition of differentiation, suggesting differentiation potential in MSCs with chromium metals [71] . A recent study using rat bone marrow and adipose-derived MSCs to assess the biocompatibility and cytotoxicity of stainless steel (316L) and titanium alloys (Ti6A14V) coated with ascorbic acid [72] . Steel-based materials cultured with MSCs was found to have low proliferation rate but had shown improvement with the bioactive silica (SiO 2 ) and ascorbic acid coating. Other studies also showed promising effect of titanium metal in osteoblastic differentiation with bone marrow-derived MSCs from sheep and rabbit models [72, 73] .
Graphene
Recently, graphene and its derivatives such as graphene oxide (GO), reduced graphene oxide (rGO) and graphenebased nanostructures have shown promising results in tribological and biomedical applications [89] . Graphene is a thin single layer made up of carbon atoms bonded together in the form of two dimensional and honeycomb-like sheet lattice [89] . Its biocompatibility has been investigated by Kalbacova et al. (2010) , where these graphene substrates promoted adhesion and proliferation on human osteoblasts and MSCs [74] . Garcia-Alegria et al. (2016) showed that GO-coated cover-slip substrates enhanced the transition of haemangioblasts to haemogenic endothelial cells and also promoted the differentiation of mesoderm to blood progenitors in mouse ESCs [75] . Another study showed that both graphene and GO-coated substrates supported the adhesion and proliferation of iPSCs in a mouse model [76] . Surprisingly, graphene promoted spontaneous differentiation mostly along endodermal lineage although both graphene and GO showed similar differentiation potential on iPSCs into ectodermal and mesodermal lineage [76] . Talukdar et al. (2014) demonstrated that the cytotoxic response of three different graphene nanoparticles, graphene nano-onions (GNOs), graphene oxide nanoribbons (GONRs) and graphene oxide nanoplatelets (GONPs) on adipose and bone marrow-derived MSCs was dose-dependent but not time-dependent [77] . However, the concentration less than 50 mg/ml displayed no significant difference on their adipogenic and osteogenic differentiation potential when compared to the controls. These results suggested that GNOs, GONRs and GONPs used within the specific range of concentrations at 24 or 72 h may be considered as safe incubation conditions for ex vivo culture in MSCs [77] .
Combining Natural and Synthetic Materials
The combination of both natural and synthetic polymers have overcome the limitation of using synthetic polymers alone due to their intrinsic hydrophobicity and lack of cell-recognition sites that do not support adequate cellular adhesion and proliferation into the 3D structures [82] . Previous work investigated the effect of elastin on chondrocytes growth and proliferation within the structure of a synthetic biodegradable polymer PCL/elastin composites [82] . It showed that the PCL/elastin composites promoted chondrocyte attachment and proliferation in a sheep model [82] . Another study investigated the differentiation potential of rat bone marrowderived MSCs cultured in collagen type I scaffold alone and collagen type I/TCP composite scaffold [83] . Arahira and Todo (2014) showed that the cell number of the composite scaffold gradually proliferated up till 28 days, while the collagen scaffold only increased till day 14, suggesting the structural stability of the composite scaffold was improved due to the combination of β-TCP powder [83] . Furthermore, the composite scaffold showed higher alkaline phosphatase activity and more osteoblastic markers than the pure collagen scaffold. This result indicated that the β-TCP provided better surface properties for the osteoblastic cells to activate the differentiation potential of MSCs into osteoblasts and ECM formation such as collagen type I [83] . The co-culture between PEG-based scaffold containing ECM components, including collagen type I, collagen type II and hyaluronic acid (HA) with MSCs cultured for 6 weeks in appropriate inducing medium was able to promote MSCs chondrogenic and osteogenic differentiation [81] . Since ECM components play a key role in actin cytoskeleton organization and control the cellular morphology, PEG-ECM hydrogels for 3D cell-ECM interactions may regulate the fate of MSCs differentiation [81] . Modifying the surface stainless steel by tantalum oxide coated with type I collagen could also enhance cell adhesion and proliferation of human bone marrow-derived MSCs [80] . Taken together, composite scaffolds can supply unique biological and physical properties for the development of stem cell biology and of functional tissue engineering scaffolds.
Biomaterial and Stem Cell Interactions
The most important element in regulating the stem cell niche that eventually switches the stem cell fate decisions is the ECM. Stem cells are attached to the ECM via adhesion molecules, whereby these adhesion complexes receive feedback from ECM to alter the actin-myosin cytoskeleton organisation that ultimately change the shape of the stem cells [30] . Thus, ECM is the key component of the microenvironment not only for cellular adhesion, cell-cell interaction but also differentiation. As such in tissue engineering, biomaterials are designed to mimic the biological and physical properties of the microenvironment of native ECM found in tissues, by the same means, they are attempted to create artificial niches by replicating the native niche of stem cells or MSCs derived from particular sources. The interaction between stem cells and biomaterials is the key framework on influencing stem cell properties in vitro or in vivo, ultimately to dictate stem cell fate decisions [30] . Biomaterial design has evolved from the previous generation material-based technique which incline towards their biocompatibility, durability and mechanical strength to the current generation, where the material provides an ideal platform for cell-material interactions that aim to integrate signals into scaffolds to promote proliferation, direct stem cell differentiation into specific lineages, and tissue growth [84, 90] . The ideal biomaterial could deliver an appropriate environment for the cells in order to promote success tissue organization and growth. Modification of biomaterials can be conducted by changing the surface characteristics and bulk properties [3] . These may strenuously impose synergistic effect or independently affect the short term cellular adhesion, migration and proliferation, and also long term viability and differentiation [13] . Understanding the interactions between stem cell and biomaterials could allow 1 3 researchers to design new biological substrates for tissue engineering and also stem cell-based regenerative therapies.
Biomaterial Properties
Biological properties such as wettability, chemical functionality, material biodegradability and biophysical properties such as matrix stiffness and strength can highly influence stem cells behaviour and affect signal transduction pathways [4, 12, 30, 31, 91, 92] . The optimal biomaterial should provide adequate mechanical support for the engineered tissue in the early growth stage while in the later stage, they should not impede further tissue growth by undergoing material degradation [2] . Surface engineering approaches such as modifying surface topography and surface chemical composition have been followed to activate specific biological responses. Here, we discuss briefly how some of these properties dictate stem cell fate. We also give some examples of how recent biomaterials such as self-assembly or biodegradable biomaterials address the spatiotemporal controls that unanswered by previous generation. The detailed mechanobiology of biomaterials in controlling stem cell fate has been extensively reviewed by Anderson et al., Xu and Guan, Krishna et al. and Singh and Elisseeff [93] [94] [95] [96] . As most of the previous studies focus on 2D interaction which does not reflect the natural dynamic niche of stem cells, the development the future studies should take into consideration of these properties for a biomaterial in order to produce next generation materials with of the characteristics of stem cells.
Wettability
To modulate the biological responses of stem cells using biomaterials, understanding the hydrophobicity/ hydrophilicity (wettability) of surface interaction between a surface and cell is a prerequisite. Ahn and colleagues have developed a wettability gradient surfaces to study the adhesion and proliferation of human adipose-derived MSCs cultured on polyethylene (PE) surfaces [97] . They found that hydrophilic and rough PE surfaces showed better attachment and higher proliferation of adipose-derived MSCs than hydrophobic and smooth surfaces. Another study using human bone marrow-derived MSCs also showed similar results, where the adhesion and proliferation rate of MSCs were higher on hydrophilic PE surfaces when compared to hydrophobic surfaces [78] .
In addition, hydrophobicity of polydimethylsiloxane (PDMS) or self-assembled-monolayer (SAM) surfaces was found to promote the development and differentiation of murine and human embryoid bodies (EBs) [79] . They also demonstrated that the increase of hydrophobicity of SAM was associated with the increase of EB (100-300 µm) viability, proliferation and development, but the decrease of cell attachment was observed. Under serum-free condition, PDMS directed EBs-mediated ESCs were able to differentiate into neuronal and haematopoietic differentiation by enhancing the expression of genes related to endoderm lineage differentiation [79] . In another study, promotion of osteogenic differentiation in hMSCs and mMSCs cultured with moderate wettability of hydrophilic mixed SAMs was mediated through α v β 1 integrin signaling pathway [98] .
Chemical Functionality
Modifying the chemical arrangement of the scaffold surface also play an important role in influencing the surface characteristics and the biomaterial-stem cell interactions [12, 99] . The chemistries used to link cell-adhesion peptides to biological substrates can be designed to target specific functional groups because cell/protein interaction is influenced by surface chemical functionality [100] . The commonly studied functional groups are carboxyl (-COOH), hydroxyl (-OH), amino (-NH2), and methyl (-CH3) groups [92] .
Silane-modified surfaces including methyl (-CH 3 ), amino (-NH 2 ), mercapto (-SH), hydroxyl (-OH) and carboxyl (-COOH) were used to study how these functional groups dictate the proliferation and differentiation pathways of bone marrow MSCs under basal and stimuli conditions [101] . Interestingly, they found that (1) -CH 3 -modified surfaces did not change human MSCs phenotype; (2) on the -NH 2 and -SH surfaces, human MSCs were induced into osteogenic differentiation but long term chondrogesis was not detected; (3) -COOH and -OH surfaces promoted chondrogenic differentiation only although they have different chemistry compositions [101] .
Another study investigated the responses of rat neural stem cells (NSCs) towards different chemical functionality sulfonic (-SO 3 H) [102] . The -OH surfaces showed the lowest migration potential of NSCs as only a few number of cells differentiated into astrocytes, suggesting the inhibitory effect. The cells only tended to differentiate into oligodendrocytes on the sulfonic (-SO 3 H) surfaces while on the -NH 2 , -COOH, -SH, and -CH 3 surfaces, cells were found to differentiate into neurons, astrocytes and oligodendrocytes. The -NH 2 group showed the highest cell viability in cell adhesion and migration, and increased in neuronal differentiation of NSCs [102] . However, different types of MSCs might affect the lineage differentiation because the -OH and -COOH-modified surfaces were not found to have similar effects on NSCs as observed by Curran and colleagues.
Material Biodegradability
Biodegradable materials refer to materials that can be degraded, solubilized or absorbed in the body after certain period of time [92] . The material degradation produces space for cell stretching and proliferation, especially for the smaller pore size based materials [103] . During cell spreading, remodeling extracellular matrix (ECM) of cell structure occurred by secreting matrix metalloproteinases (MMPs) that function catabolic enzymes to degrade ECM proteins. A recent study showed that MMP-sensitive hyaluronic acid hydrogel encapsulated with hMSCs promoted chondrogenesis without further differentiating towards a hypertrophic phenotype. These were supported by higher cartilaginous matrix deposition and a reduction in calcification that were found in this degradable hydrogels [104] . They reasoned that proteoglycans and type II collagen might be responsible for this phenomenon as proteoglycans has been known to associate with growth factors such as TGFβs which are inhibitors of hypertrophic differentiation [105] .
Biodegradable metals such as ferum (Fe), magnesium (Mg) and zinc (Zn) have been incorporated into scaffolds as they can be degraded progressively and metabolized in human body [106] . Daud and colleagues revealed that biodegradable porous iron scaffolds sustained high viability of human skin fibroblasts and human MSCs with higher degradable rate compared to hydroxyapatite (HA) or HA/ PCL-coated surfaces. This indicated the cytocompatibility of porous Fe which were strengthened by the effect of hydroxyapatite [84] . HA is known for its strong hydrophilicity, which provides optimal wettability surface to support cell adhesion [84] . However, the biodegradability of most of the existing biomaterials has not been fully investigated. Extensive researches will be required to enhance the advancement of biomaterials' design for tissue engineering and regenerative medicine.
Matrix Stiffness
Cell matrix stiffness has been also known to regulate cell microenvironment and cellular functions. Thus, understanding the interactive matrix surfaces of biomaterials and stem cell fate is obligatory for further advancement of biomaterials. Hydrogels are primary tools used to study the cells' responses to stiffness in vitro [93] . The hydrogel stiffness can be very soft for less than 0.1 kPa, or very hard that could be approximately 500 kPa. A novel hydrogel array with differential wettability surfaces has been developed to investigate how their stiffness associated with stem cell behaviours. The results demonstrated an increase in hydrogel stiffness has increased initial human MSCs adhesion, migration and proliferation [107] .
In another study, human ESCs cultured on fibronectincoated polydimethylsiloxanes (PDMS), which is polyacrylamide-based, of varying stiffness ranging from 0.078 to 1.167 MPa has also provided evidence that substrate stiffness is associated with the promotion of ESCs adhesion and proliferation but not for migration [108] . They also found that the early differentiation of ESCs was affected by substrate stiffness and a concomitant up-regulation of genes involved in mesodermal differentiation was also observed [108] . Similar findings have been demonstrated by Pek and colleagues using 3D culture of human MSCs. In addition, the stiffer thixotropic gels (> 75 Pa) immobilized with celladhesion peptide, RGD was shown to promote both proliferation and differentiation potentials [109] .
Current Challenges and Future Perspectives
Studying stem cell cultures and information obtained from different model organisms has laid the groundwork towards next era of regenerative medicine. The ultimate goal of regenerative medicine is to repair damaged tissues or lost organs and restore injured body parts [110] . Although MSCs are utilized in major studies in recent years, ESCs and iPSCs still remain to be attractive stem cells for researchers due to their pluripotency state that can self-renew and differentiate into multiple cell lineages. Several safety concerns need to be considered including the risk of tumorigenesis after transplantation of ESCs and iPSCs in vivo [111] . A significant challenge of utilizing iPSCs for stem cell tissue engineering is the low efficiency rate of the generation of functional and tissue specific cell types by direct reprogramming using transcription factors [111] .
The combination of stem cell biology and biomaterial technology have enhanced tissue engineering applications by promoting adhesion, proliferation and differentiation of stem cells in vitro and even in vivo. However, the process of studying and designing new biomaterials still limit the use of stem cell self-renewal and multilineage differentiation potential in tissue engineering and clinical therapies. The biomaterial-stem cell interaction is significant because this will eventually dictate the stem cell fate decisions. Current designed materials used, in fact could provide new understandings into stem cell biology and regenerative medicine, but have some limitations. Biomaterials to date are able to promote self-renewal but are poor in differentiation [93] . In this case, the main challenge is the choice of biomaterials and the range of parameters chained with the material scaffolds, especially in fabricating niche-mimicking biomaterials should be laboriously considered. Now the key questions are what is the best scaffold design and how to create an ideal biomaterial scaffold? New design concepts and fabrication techniques for new biomaterials are critical in manipulating stem cell responses [112] . Recently, rapid phototyping techniques have been introduced to fabricate customized 3D porous scaffolds based on a computer-assisted design, which were found to be beneficial in bone tissue engineering [113, 114] . However, porous scaffolds are mechanically weak which cause it a limitation [114] . Researchers should be directed to develop a better mimicking of the nature in bone tissue regeneration to target potential scaffolds. Future regenerative medicine is based on processing innovative biomaterials or applying nanotechnology in tissue engineering applications combined with biological molecules that guide stem cells towards specific differentiation lineages and tissue/organ replacement [12, 13] .
Since MSCs are promising candidates for future regenerative medicine especially in treating bone and cartilage defects, some researchers believe that MSCs transplantation at the differentiated state could be more favorable than in undifferentiated state [115] . Therefore, the ability of MSCs to differentiate into the specific cell lineages is the key investigation. To reach this objective, understanding the precise epigenetic control of cell differentiation is of utmost importance. Future studies and the current challenge include the understanding and studying of molecular mechanisms of biomaterial combining with stem cells especially the epigenetic mechanisms in maintaining their self-renewal activity, differentiation abilities and the biomaterials directing stem cell response [12, 115] .
